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This paper describes ideas initiated as a step toHard 
reaehiiig a bettor understanding of the design process, the factors 
affecting engiiieoring design, and how the engineering design process 
■ight be benGficially influenced. The starting point for the effort 
was a consideration of: (1) the recent historical developaent- of 
Systems Engineering, and (2) the uniqueness of Systeis Engineering. 
The idea ©f trade ctodiog is emphasized as part of the Design 
Process. The skills and capabilities necessary for such are 
enumerated and described. A survey su««arizes the engineering 
curricula! rcguireients of 70 programs at 2p universities. It was 
shown that trade studies are consciously or intuitively used at all 
levels and in aU fields of ongineoripg. The uniqueness of Systems 
Engineering is stated to be^ based on methodology rather than science, 
industrial need, or dovie^. A proposed non-credit course is briefly 
described. (EE) ( 
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The thoughts reported belcw were initiated as a step toward- 
reaching a better understanding' of the design process^ ^e factors 
affecting engineering design, and how tiieengineering design process ^ 
Might be beneficially influenced. It apMBy probable that ^engineering 

..education is one of the stronger factors detennining how an engji^eer 
goes at his woric. The educational process appeared to be a logical 

^.area to look into. Hiej starting point for this effort was a consid- * 
eration of : • ^ 

1. The recent historical development of Systems . 
Engineering. 

2. The uniquen'eSs of Systems Engineering. 

Recent Historical Development ,.==-4. 

The word "recent" was inserted purposefully. Examples can be 
found where the systems approach to engineering problems has been used 
in the more distant past, but the recognition and identification of 
Systems Engineering as a separate discipline has been a fairly recent 
development. IXiring this development, there' were many vdio insisted 
that Systems Engineering was merely "good engineering/* not something 
different or inique. 



One o£ the characteristics of the approach to engineering which 
came to be known as -Systems Engineering was the consideration of the 

J 

problem in its entirety, clearly defining the objectives, restraints, 
and interactions. In "good engineering," this was always the intent,- 
often done by the project engineer, and often in an informal or 
intuitive way. The process included a high degree of convnon sense and 
C3qperiential judgnent. The availability of computers alloived this * 
procedure to be carried out more rigorously and formally. 

A second Characterisltic noted in the recent historical develop- 
-sient of Systems Engineering is the conscious and large scale ajpfilication 
of ••trade-offs" (or trade studies) # Trade studies are clainjis^d by many 
to be synonomous yith engineerings Trade-offs are made consciously or 
subconsciously at all levels. of engineering, from material selecting 
and con?)onent design to the decisions on the basic methods to be used 
to reach an objective. 

In the not- too-distant past, the engineer was limited in his use 
of trade studies % his ability to calculate and analyse the trades 
involved ^nd by the time constraint. Too frequent and extended trade 
studies were sometimes looked upon (and sometimes became) means of 
delaying or avoiding the making of critical decisions. Again, the 
availability of computers made extensive trade studies feasible, and 
legitimatized this approach. At one point in its development, the 
foxnal £q;)plication of trade studies was looked upon as a key feature 
of Systems Engineering. . 



An exanple of trade studies being identified with>steins 
Engineering is contained in AFSCM 375-5 (10 March 1966) ExIjiMt 1, 
Procedures fbr Systems^igi neering ^fanagement. This doc^nt/now ^ 
si^xseded, details the procedures through four project phases • 
(Conceptual, Definition, Acquisition, and Operational) by means of a 
abw chart containing 106 blocks. Seven of these bl#ks^speciffcally 
call for trade-studies, e.g., 

Block 8. Ideht^fy and Perfoim Trade-Off Studies 
Blodc 16 . P^oi4 Selected Tra(4-0f f Studies 
. - • and I^ntify Definition Tfade-Off 

J • Reqiuremints 

Block 44. Perform Trade-Off Studies (Operations 
Design ys Maintenance Design) 
In the instructions describing each block in the procedure, there are 
nany other references to performing of trade studies, reporting of 
trade studies, using trade studies to support decisions, etc. Trade 
studies appear tp be a key element in Systems Engineering bx the Air 

Educational pregrams in Systems Engineering developed along 
several directions.- ITiree of the directions initial efforts took are 
Systems Theory, Systems Dynamics, aSd Systems Engineering developed ° 
along interdisciplinary project lines. This last approach is broader. 
■Ore comprehensive than the most others. It is exemplified b^ the work 
of Bollay at NAT and Stanford.* In his reporting on this project 




• 4 - 



approach^ Bollay enphasizcs the need for innovation and ttiv^i$€ 
evaluation of alternative approaches » the iterative nature of the 
design process , the need to account for'^^interactions between elements 
in the design of each element , and the interdisciplinar/ nature of 
Systems Engineering design. While not mentioned specifically, trade- 
offs was 9n essential ingredient to his design process. 

Thus, in the early and mid 1960 *s, trade studies emerged as an 
identifying feature of Systems Engineering. Recently trade studies 
have tteceived less emphasis as Systems^Engineers have deVoted their time 
to more sophisticated topics such as input^nciutput analysis and systems 
identification. However, when it comes down to getting something 
designed; built, and operating, trade studies can still be a key and 

useful procedure. ^ 

- • ■ ■ i> ■ 

«»■ 

ttilqueness of Systems Engineering 

There are many definitions and many descriptions of Systems 
Engineering. Th& definition (if it is such) being developed here is not 
claimed a? being inclusive, definitive, and/or final; it is developed 
to provide insight into the nature of the engineering process, and how it 
might be influenced. 

Many claims are made o;^ Systems Engineering* Some aro applicable 
to many fields of engineerii|g, e.g., describing it as an input-output 
pxdblem involving the dc^finition and design of a system to satis^ the 
requiroments is not unique; this approach can be applied to a control 
problem, an industAal engineering problem, etc# 

.-6- ■ . ^ 
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A unique characteristic of Systems Engineering is that it 
deWloped from a methodology (or a nunber of methodologies) . Being 
based on methodology, it differs from other fields which are based 
on particular fields of science (Electrical Engineering, hfechanical 
Engineering), on industriai activities (Sanitary Engineering, 
Petioleua Engineering) , on materials (Ceiaraic Engineering) , or on 
devices (Automotive Engineering) ^ 

The metiiodologies of Systems Engineering incorporate a number 
of concepts, some of which are closely or primarily identified with 
Systems Engineering. . These are: 

1. Uhitary Concept. Solving the problem as a 
tdiole. 0 

2. Trade Studies. Consciously and extensively used. 
. 3. Portable Concepts. Use of analogies, commonality 

«nd generalities in science; cross discipline 

methods. , 
To these might be added concepts inportant to Systems Engiheering which 
are not necessarily unicpie to this field, 
4. Wide use of • 

a) Input-output analysis , 

b) F^ddback 

c) Modeling 

d) Simulation 

e) Use of computers 
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These characteristics have been diagramed in Figure 1. Here, 
•The Design Process" appears as a large blank. The next step is to 
fill in this blank. 

The Dg^^ Process * ^ 

The unitary concept in Systems Engineering depends on everything 
that goes on within engineering. It is an identifying characteristic 
but not an operational one; its application depends on application of :^ 
the other factors. 

The portable concepts provide additional tools i^ich makes cross- 
discipline approaches feasible. This area is well covered in texts and 
in engineering courses. - 

Trade studies remain as historically a key concept in Systems 
Engineering, and in the present as a procedure unique to Systems 
Engineering in *the degree to which they are used. Howi^ver, the method 
does not appear to receive the, attention it may deserve in the engineer- 
ing education process. Examining the indexes of design texts and Systems 
Engineering texts will reveal very few references to trade-offs or trade 
studies. Likef "engineering (design," or "the engineering method," trade 
studies appear to be taken for granted, something everyone assumes 
everyone knows. , - 

Trade Studies 

Trade studigs nd^t be bixIRfeii down into three elements, or 
steps: / 
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!• Generation of alteinatives. 
2. Assigning of values to the charact^stics 
^ Of the alternatives. \ 
^3. Making a (decision; choosing the "best" or 
the optiiTun. 

These three steps have been filled intp the Design Process box of Figure 
1, to produce Figure 2. 

Figure 3, an elaboration of Figure 2, shows how the conponents 
of Figure 2 relate to the engineering prbfession and the engineering 
process. 

Figure 4 is a further elaboration of Figure 2,- While Figure 2 
shows the development, evaluation, and choice of alternatives to be the 

central feat\)afe of the engineering design^process, Figure 4 shows that 

^. , - " - . - ^ 

within each design there are subsystems which can be subjected to tlie 
.same process; further, in each subsystem there is the design of com- 
ponents which can also be subjected to the trade study approach. Note 
that each conponent and each subassembly may interact with each of the 
other conponents or subassemblies. Each may be affected by or may 
affect the others. It is at this point that engineering experience and 
judgment ^ the result of practice, is iii?K)rtant in deciding how many 
alternatives to' evaluate and what interactions are significant. 

The three steps of the trade study requires certain skills and 
capabilities. Somg of these are: 



Step 



Skill 



<5? 



1. Generation' of alternatives 



2. Value assignm^t; criteria 
selection'' and weighting 

3. ax>osing the "best" or 
optimum * 



1. Creativity; innovation; engintering' 
capability (tools, methods, practice) 

2. Valpe systems; value clarification^; 
objective formulation 

3. Optimization techniques; decision 
theory 

Aiiong the skills required, the engineering capability can be 
presumed. This is the area in which engineering Schools place most of 
their effort. - 

To verify the results of our personal observations and experience f 
regarding the otiier skills^ a small survey was made by checking the 
catalogs of 20 universities. The results, shown in Table 1, confirm our 
original impressions. The programs surveyed covered largely the 
traditional disciplines. Only 3 of the 70 programs were Systems 
Engineering. 

TABLE 1 

Engineering Curriculum Requirements 

(A Mini-Survey) ■ / 

70 Programs in Engineering at 20 Universities 

Elective Courses Required, Courses 
Creativity 1 1 
Value* 0 0 
Decision Theory and Optimization 21 .8 / ■ 



*Itocs not include Liberal. Arts and Husnanities, required or elective. 
(See discussion in text.). 
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Decision TheoTy and Optimization' are taught quite widely, being 
xequircd in 114 of the prograins and available in an additional 30%. 
Recognizing that it is inpossible to put all desirable topics into a 
single four-year curriculum, we might conclude that these subjects are 
available to many who migjit benefit from them. 

• Creativity, as a separate subject, appeared in only 35 (2 cases, 
one required and one elective, out of 70 total) of the programs. While 
creativity appears as a chapter in several different engineering texts, 
and sometimes appears as a lecture or a week's stiidy in engineering 
^courses,' we. might well ask whether students would not benefit, from a 
greater exposure'. Certainly being creative or innovative is an important 
capability for engineers to possess.^ 

No program showed a course tliat could be interpretied as dealing 
directly with values. IVhile humanities and cultural type courses provide 

a background against which values may develop, they rarely relate the 

c 

need for values and the application of values to the professional ivork 
of the engineer. 

Values cover a broad spectrtm. One categorization might be: 

1. Sociological. Cultural, social, political, 
economic, religious. 

2. Human Factors. Operability, reliability, 
mintainability, repairability (the - ilities). 

3. Technical Factors. Perfonnance, weight, cost, 
etc.; common basis for conparisons; life cfzle " 
costs. 

11 
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Sone of these topics cam uader Value Engineering, a specialized field. • 
CDUises are not generally available to most engineering students. Many 
of the topics are covered, or mentioned, in various engineering course;^^* 
but the coverage does not match the importance in engineering work. 

The topics- listed under "sociological" are taught in separate 
courses or several separate courses in Liberal Arts Colleges. , These 
topics are rarely taught as fetors contributing to the fomulation of 
value systems, and still more rarely are they taught in relation to 
engineering design. 

Ihere have been a few courses developed to involve engineering 
and non-engiiiJering students. These are usually courses in Technology 
and Society, courses in enviionmental problems, etc. Their purposes 
are often to lead the student to discover how individuals 'from variovs 
disciplines can contribute to his problems, and how engineering 
.methodologies may be applied tp problems of interest to society. While 
values may be a part of the course, the generation and evaluation of 
TOlues is generally not a primary?%bjective. ' 



•n97S ASEE Annual Conference, Cblorado State Uhivebiiv Event Km 
/^Report on Engineering tesign Education Proj^ilS^.'-^SoSa; 
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]Bngineering Design * 

Design is a piiraaxy function of engineering. IVhile the substance 
of this report evolved from ti consi^deration ot the design process in 
Systems Engineering, most of the , results, are applicable to all fieldsr 
of engineering. In the Figures. Call) if block 3 representing the idea 
of Portable Concepts and the dash line which creates block 1 (leaving 
the -contents of block 1) removed, the remainder of each Figure is a 
reasonable representation or the engineering design process. I)» vdll 
apply to any field of engineering. ' " 

The conclusions regarding trade studies, "their elements, and the 
teaching of the required skills are also applicable to engineering design 
in all fields. ^ 
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Swroaiy and Conclusions 

\ ^ ' 

Ttade-offs (or trade studies) gire consciously or 'intuitively used 

>» ' ' - , . ^ . 

at all Ibvels and in all fields of engineering. TTieir wide-spread formal 
use was aii inqjortant characteristic of Systems Engineering in its r 
foxmative stages. ^ 

The uniqueness of Systems Engineering is that it based on^ 
nethodolo^ rather than science, industrial need, or devices. Concepts 
in|x»rtant to the methodology include the unitary approach, use of trade 
studies, and the so-called portable CQBcepts; Of these, trade studies 
receives the leaist, emphasis in -engineering education. 



- 12 - 

Twde studies require generation of alternatives, assignment of 
v»lues, and a process for making a decision. Skills required in addition 
to the technical capability for engineering include creativity, generation 
of value systems and value weighting, and knoi/ledge of optimization 
techniques and decision theory. In engineering educationj creativity 
receives some attention, value systems almost none. TTiese are areas 
where engineering students might be given better preparation. 

The discussion and results regarding trade studies are also 
applicable to engineering design in other fields. 



e 1 ^.V^^^J^^ partially supported by the Air Vorce Office of 
Scientific Research. 
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NON-CREDIT COURSE PROPOSAL 
to 

ENGINEERING and SCIENCE INSTITUEB of 'MYTON 



The Compleat Engineering Manager 

or . • ' . ' 

The Trade -Study Approach to Engineering Design 

A course for eng|heers newly promoted to management, engineers contemplating 
entering management, and design eng;ineers. 

Engineering design requires decisions idiich involve many factors other than 
technical.. This, course will introduce several topics whith engineers often treat 
li^tly: the process of creativity and innovation; value syste^is including social, 
econoroic, the ilities (operability, maintainability, reliability), hiaiian i«sources, 
and technical factors; optii^zation and the decision making process. 

The objective is to develop a capability for doing more "complete" designs 
to meet the. needs and the coi^wtition in today's environment. 

* . - • 

Dr. Jankovski vdllj be the course coordinator and one of the lecturers. Others 
will present materials on creativity, values, decision making and other topics. 




/ 

entatlve course outline: 
10 weeks, one 2-hour class per week 



Introduction. Phases of design; nature and plkce of trade-studies 

Basic engineering principles: Conservation and continutiy laws; ^ 
node-loop approaches. 

Basic engineering principles: across /through variables; dyn£mic 
analysis; modeling. 

Creativity;^ individual: potential; techniques. 

^«»=«— . 

Ci^ativity - environmental factors: organization and physical factors; 
"technical gate-keepers"; pinnacles of excellence. 

Value systems: cultural, social, political..^,. 

Value systems: human^ if actors, reliability, maintainability, operability 

Value systems: technical factors; common trsTseffor comparisons; life 
cycle cost. . 

Optimization techniques: linear and dynluoic programming; search tech- 
mlques, , 

Decision'^theory • 

4, 

Summary and application 
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